Boehmite (Al(OH)O) was employed for the removal of aqueous phosphate in the presence of harmful anions such as carbonate, sulphate, nitrate, nitrite, chloride and fluoride at 298 K. Although boehmite was shown to remove a certain simultaneous removal of phosphate together with fluoride, no influence of the presence of carbonate, sulphate, nitrate, nitrite and chloride on the removal of phosphate by boehmite was observed. In the present study, two kinds of boehmite, a commercially available form and boehmite prepared using a sol-gel technique, were employed for the simultaneous removal of phosphate and fluoride, and it was found that the latter form was superior for such removal. Solid-state 31 P MAS NMR analyses revealed that, in the presence of fluoride, phosphate was removed onto boehmite as different types of phosphate species, depending on the solution pH and the source of boehmite.
Introduction
The unique nature of boehmite (Al(OH)O) has been examined in our laboratory, particularly for the removal of phosphate and metal cations in aqueous phase (both of which cause a significant nutrient load in wastewater), in order to develop the utility of boehmite as an advanced material. 1) , 2) In general, the removal of aqueous phosphate by boehmite 1),3)-11) has been more extensively investigated than that of aqueous metal cations.
2),12)- 19) Research on the removal of aqueous phosphate has been roughly divided into three groups: (1) mechanistic studies using typical experiments;
3) (2) mechanistic studies using advanced analysis procedures such as XAFS, solid state NMR, SEM and TEM; 4),5),9)- 11) and (3) studies of the practical use of boehmite for the removal of phosphate.
6)-8) However, although various researchers have examined the removal of aqueous phosphate by boehmite, to the best of our knowledge, there is rather limited information on the removal of other harmful anions in wastewater. 19 ), 20) In Japan, various harmful anions in wastewater such as nitrate, nitrite and fluoride, as well as phosphate are regulated by Water Pollution Control Law (Law number 138 of 1970) proclaimed by the Ministry of the Environment, Government of Japan. It should be noted that the regulated value for aqueous fluoride was revised in 2007 from 15-50 mg/L to 8 mg/L, indicating that candidate removal reagent should be examined as soon as possible for their ability to remove aqueous fluoride.
In the present study, the simultaneous removal by boehmite of phosphate with other harmful anions such as nitrate, nitrite and fluoride together with carbonate, sulphate and chloride, was investigated. Two kinds of boehmite, a commercially available form and boehmite prepared with a sol-gel technique, were employed as the removal reagents. In addition, 31 P MAS NMR was used for the analysis of phosphate species removed onto boehmite.
Experimental
Commercially available boehmite (Wako Pure Chemical, Osaka), which was previously calcined at 493 K for 6 h, and boehmite prepared by hydrolyzing aluminum isopropoxide 1) were employed for the removal of various aqueous anions. The removal of aqueous anions with boehmite was investigated as follows. An aqueous solution (100 ml) was prepared by adding 5 mmol/L of both Na2HPO4 and another anion as the corresponding sodium salt (Na2CO3, Na2SO4, NaNO3, NaNO2, NaCl or NaF) and the solution was adjusted at pH = 4 with 1.0 mol/L HNO3 for various anions except for Cl -and 1.0 mol/L HCl for NO3 -. The solution was stirred at 120 rpm in a constanttemperature bath at 298 K for 10 min. Boehmite (0.4 g; 6.67 mmol) was then added to the solution. After a specific period, the solution was filtrated and analyzed by ultraviolet (UV) spectrometry (Shimadzu (Kyoto) UV-2500(PC)S) for phosphate (molybdenum blue method) and by ion-chromatography (Shimadzu (Kyoto) PIA-1000) for other anions. The removal rate of the divalent cation was calculated from the concentration of the corresponding anion before and after the removal (Cbefore and Cafter, respectively), as follows:
The solid sample was analyzed by powder X-ray diffraction
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(XRD, Rigaku (Tokyo) RINT 2500VHF) using monochromatized Cu Kα radiation (λ = 0.154 nm) with a source power of 40 kV and 150 mA. The surface of boehmite employed for the removal experiments was analyzed by X-ray photoelectron spectrometry (XPS) using monochromatized Mg Kα radiation (Shimadzu (Kyoto) ESCA-1000Ax). Argon-ion etching of the sample was carried out at 2 kV for 1 min with a sputtering rate estimated as approximately 2 nm/min for SiO2. Solid-state 31 P magic-angle spinning nuclear magnetic resonance (MAS NMR) was obtained with a Bruker (Osaka) AVANCE DSXwbs, with an internal reference of (NH4)2HPO4 at 1.33 ppm at room temperature and a spinning rate of 7 kHz.
Results and discussion

Removal of phosphate with boehmite in the presence of an additional anion
In order to obtain information on the character of boehmite for the removal of phosphate in the presence of another anion, commercially available boehmite was added to an acidic solution (100 mL, pH = 4) consisting of phosphate (5 mmol 3-and F -were removed with goethite but other anions could not be removed.
23) It should be noted that the evident removal of F -was observed under the present conditions although other anions were not removed from the solution at all, indicating that boehmite is a possible candidate for the removal of aqueous fluoride. Therefore we focused on the simultaneous removal of aqueous phosphate and fluoride with boehmite in the present study.
Simultaneous removal of aqueous PO4
3-and F -with boehmite
Simultaneous removal behaviors in aqueous mixtures containing various molar ratios of PO4 3-and F -were investigated using both commercially available boehmite and that prepared in the present study. In Fig. 2 , the results obtained from a 100 ml solution consisting of 3-and F -using the two forms of boehmite followed the order PO4 3-/F -= 1/0.25 > 1/1 > 1/4. The increase in the total amount of anions resulted in a lack of absorpted sites, which led to this finding. It should be noted that the removal rates of both PO4 3-and F -with boehmite prepared in the present study were greater than those with the commercially available boehmite, probably due to the greater surface area of the prepared boehmite (288 m 2 /g) than the commercial one (173 m 2 /g). 1) Unfortunately, XRD of all the samples previously employed to obtain the results shown in Fig. 2 showed only the signal of Al(OH)O (JCPDS 49-0133) and no signals of other species could be detected (Fig. 3) . However, as shown in our previous paper, 1) phosphate species were certainly detected by XPS (Fig. 4 (A) ), as were surface fluoride species, as shown in Fig.  4 (B) . XRD and XPS results revealed that phosphate and fluoride were present in the near-surface region of boehmite. During the simultaneous removal of both PO4 3-and F -with boehmite, the shift of solution pH when boehmite prepared in the present study differed from that using the commercially available boehmite. As described in Table 1 , using the commercially available boehmite, the solution pH after the removal for 6 h shifted from approximately 4.0 to 6.5, even though the initial PO4 3-/F -was different. However, when the initial PO4 3-/F -was changed to 1/0.25, 1/1 and 1/4, using boehmite prepared in the present study, the solution pH after removal for 6 h shifted from approximately 4.0 to 4.4, 5.8 and 7.1, respectively. Since the preparation procedure of the commercially available boehmite is not clear, the reason for these findings is unknown. Probably the protonated properties of 
JCS-Japan
O-species to OH-species in the commercially available boehmite during the removal may be dissimilar to that in boehmite prepared in the present study. However, the different behaviors of the solution pH using these two forms of boehmite yield important information particularly on the removal of phosphate, which can be clearly detected by solid-state 31 P MAS NMR.
Detection of phosphate species by solid-state 31 P MAS NMR
It is generally known that aqueous phosphate anion species (H2PO4 -, HPO4 2-and PO4 3-) are mainly formed in aqueous solution under acidic-neutral, neutral-basic and strong basic conditions, respectively. 24) Particularly, in the pH range between 4 and 7, the range detected in the present study, the contributions of H2PO4 -and HPO4 2-are important (Fig. 5) . Since the ionic radii of H2PO4 3-and HPO4 2-are essentially identical to that of PO4 3- (0.4 nm), 22) the adsorption mechanism for the removal of phosphate species can be illustrated as shown below, according to the mechanism proposed by Kabayama et al.. Figure 6 shows the 31 P MAS NMR of commercially available boehmite previously employed to obtain the results shown in Fig. 2 . It should be noted that the final pH after using this boehmite for removal for 6 h was approximately 6.5, regardless of the initial PO4 3-/F - (Table 1) . Based on Fig. 5 , approximately 80% of H2PO4 -and 20% of HPO4 2-were present in the solution at approximately 6.5 pH, indicating that these two kinds of phosphate species were removed on the commercially available boehmite regardless of the initial PO4 3-/F -. As shown in Fig. 6 , similar NMR spectra, in which two signals due to these two species were detected, were obtained from the commercially available boehmite previously employed to obtain the results shown in Fig. 2 , regardless of the initial PO4 3-/F -. Figure 7 shows the 31 P MAS NMR of boehmite prepared in the present study and previously employed to obtain the results shown in Fig. 2 Fig. 7 (C) ). It should be noted that the final pH was 7.1 in this case ( Table 1), indicating that approximately 60% H2PO4  -and  40% HPO4 2-were present in the solution. Therefore the detection of two NMR signals in Fig. 7 (C) and one evident signal together with a shoulder in Figs. 7 (A) and (B) is reasonable. The results shown in the present study reveal that solid-state 31 P MAS NMR is an effective analysis procedure to determine phosphate species.
Conclusion
In the present paper, it was found that boehmite can be employed for the removal of phosphate together with fluoride, but other harmful anions such as carbonate, sulphate, nitrate, nitrite and chloride cannot be removed. Removal ability was strongly influenced by the surface area of boehmite. Solid-state 31 P MAS NMR revealed that phosphate was removed as H2PO4 -and/or HPO4 2-by boehmite under the present reaction conditions, and the type was dependent on the solution pH. Finally, it may be reasonably suggested that boehmite is an effective candidate for the removal of aqueous fluoride together with phosphate.
